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Abstract. The electromagnetic, hydrodynamic, and temperature fields of a crystallizing 
cylindrical ingot with a diameter of 163 mm have been calculated using the finite-difference 
method. Crystallization has been simulated in an electromagnetic crystallizer. The 
crystallization rate has been calculated, and then the ingot areas have been divided into small 
crystals, dendrites and globular ones. Quantitatively, the relationship between the temperature 
field gradient during crystallization and the ingot structure can be expressed by the following 
rules: 1) elongated grains of about 10 mm – cooling rate of about 1.8 . 10–4 kg/s; 2) elongated 
grains of about 20–30 mm – cooling rate of about 0.7 . 10–4–1.8 . 10–4 kg/s; 3) globular grains 
with a size of 10–20 mm – cooling rate of less than 0.7 . 10–4 kg/s. The possibility of simulation 
of the ingot structure during its crystallization based on the relationship between the 
crystallization rate and the grain size has been shown. The influence of the inductor current 
frequency on the structure of a crystallizing ingot has been simulated. It has been shown that an 
increase in the current frequency from 5 to 500 Hz leads to the expansion of the area with 
small crystals.  
1. Introduction 
A large number of papers have been devoted to experimental and theoretical studies of the 
electromagnetic field impact on metal systems. The electromagnetic field impact is expressed in grain 
refinement, leveling of the chemical composition with respect to the ingot volume [1]. In this case, the 
grain size can be related to the local cooling rate (see, for example, [2]). 
It is noted in [3] that the electromagnetic field can change the temperature gradient, improve the 
coating microstructure, reduce cracks, and improve the coating microhardness. In the study [4], an 
assumption is made that growing dendrites are destroyed under the influence of a melt flow (under the 
influence of an electromagnetic field), and then some of the dendrite fragments are partially remelted. 
The possibility of concentration changes in the alloy composition under the influence of an 
electromagnetic field is shown in the papers [5, 6]. A change in the melt crystallization front under the 
influence of an electromagnetic field is shown in the paper [7], and the direction of growth of 
columnar crystals almost becomes parallel. The study [8, 10] provides data on the acceleration of 
purification of molten Al, Si from boron and phosphorus using a rotating electromagnetic field. It is 
noted in the paper [9] that the microstructure of Al-Zn-Mg-Cu alloy slabs was significantly improved 
by using an alternating magnetic field with industrial current frequency and frequency of 386 A and 
50 Hz, respectively. The studies [11] for the aluminum alloy with silicon show the feasibility of 
electromagnetic impact during the assimilation of silicon in liquid aluminum. The feasibility of 
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electromagnetic stirring during continuous casting of large-size slabs is shown in the paper [12]. The 
study [13] considers the concentration non-uniformity of the composition in relation to 
electromagnetic stirring. For a more effective impact of the electromagnetic field on a liquid or 
crystallizing molten metal, various schemes of inductors and their power modes have been proposed 
(see, for example, [13–18]). 
2. Problem statement 
This study aims at the simulation of an ingot structure (grain size) during its crystallization in a 
traveling electromagnetic field for various inductor current frequencies. To solve this problem, it is 
necessary to use a comprehensive approach that takes into account processes of various physical and 
chemical nature and various time constants. In this case, electromagnetic processes can be considered 
as quasi-steady. The hydrodynamic characteristics (speed and pressure) shall be recalculated at each 
time interval. Thermal processes are considered in dynamics. 
An electromagnetic crystallizer for casting a brass cylindrical billet with a diameter of about 
160 mm was selected as the study object [19]. The inductor winding coils are made of copper ribbon; 
the number of turns in the coil winding is 55, the winding arrangement is AAZZBBXXCCYY, and 
current density is 3 A/mm2. A liquid alloy (brass) crystallizes in a water-cooled sleeve that separates 
the melt from the inductor. 
3. Mathematical model 
To solve field tasks, a cylindrical coordinate system was used, and the presence of cylindrical 
symmetry was assumed. In this case, the system of the electromagnetic field equations can be reduced 





























) + 𝑗 ⋅ 𝜔 ⋅ 𝛾 ⋅ 𝐴𝜙 = 𝐽𝜙    (1) 
Where 𝛽 = −𝛾 ⋅ 𝑤and 𝛼 = −𝛾 ⋅ 𝑣; 𝛾 – medium specific electrical conductivity; 𝑣,𝑤 – components of 
medium motion speed along 𝑟 and 𝑧 axes, respectively. 
Melt motion in a crystallizing ingot with cylindrical symmetry can be written as follows [20] 
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In equations (2) and (3), 𝐹𝑟 , 𝐹𝑧 – components of the density of electromagnetic forces obtained in the 
calculation of the electromagnetic field according to equation (1); 𝜐𝑡 – eddy kinematic viscosity. 
To solve equations (2), (3), the finite-difference method with a staggered grid was used (see, for 
example, [21]). 





























  (4) 
Where 𝑞𝑉 – rate of internal heat sources; 𝑎𝑡 – eddy diffusivity; 𝐿, 𝜓 – crystallization heat and hard 
phase proportion, respectively; 𝐶𝑝, 𝜌 – heat capacity and density, respectively. 
4. Procedure for joint solving of field tasks 
The specifics of simultaneous solving the above-mentioned tasks are their various time constants. 
During simulation, the following provisions have been adopted: 
1) a change in the temperature and hydrodynamic fields is considered in dynamics; 
2) the electromagnetic field is steady-state; 
3) the hydrodynamic field is recalculated at each time interval in order to take into account the 
occurring solid phase in the melt; 
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To perform calculations, the finite-difference method was used, and an author’s software package 
which allows for obtaining the necessary results with acceptable accuracy was created. 
5. Simulation results 
A fragment of the calculation area is shown in Figure 1. The liquid melt area was divided into 
10 layers along the r axis (horizontal axis) and 56 layers along the z axis (vertical axis). 
The melt motion speed practically does not affect the energy characteristics of the electromagnetic 
field, which follows from the calculations performed in the course of the study. Therefore, the 
electromagnetic field is calculated once. 
The flow structure has a dual-vortex nature (Figure 2) with maximum speeds on the axis of 
symmetry (r= 0), which are about 0.74 m/s in the middle of the height. In the melt layer as close to the 





Figure 1. Fragment of the  
calculation area: 
1 – melt area; 2 – iron circuit; 
A, Z, B – phase windings; 4 – air; 
5 – crystallizer; 6 – heat insulation. 
 Figure 2. Fragment of the molten metal 
motion at the supply current frequency 
of 500 Hz. The field direction is from 
top to bottom. 
The crystallization temperature range was 1,083–1,070 K. It was assumed that the initial melt 
temperature was 1,090 K. The melt crystallization begins about 100 s after the start of calculations. 
The first crystals appear in the metal layer closest to the inductor (since there is a water-cooled insert). 
In this layer, there is the largest temperature gradient from all areas with liquid metal. 
The crystallization front moves from the metal layers closest to the inductor towards the ingot axis. 
It was found that the crystallization rate was in the range of 3–5 mm/min in the first 5–25 minutes 
after the start of simulation. 
As it is known (see, for example, [1,2]), crystal growth occurs in the direction opposite to the 
direction of the heat flux, which in turn is determined by the temperature field gradient 
?⃗? = −𝜆 ⋅ (
𝜕𝑇
𝜕𝑟




Let us try to establish the relationship between the temperature field gradient during crystallization 
and the solid metal alloy structure. 
For the number of calculation steps of 540 (25 minutes), the fraction of the solid phase in each cell 
of the calculation area exceeds 0.75 Let us compare the experimentally observed structure of the metal 
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ingot and the components of the temperature gradient 
𝜕𝑇
𝜕𝑟
. In the outer layer with a thickness of 1/10 of 
the ingot radius, an equiaxial fine-grain structure is observed. In the inner layer (from the center to the 
periphery) with a thickness of 5/10 of the ingot radius, equiaxial large crystals are observed. Between 
these layers (4/10 of the ingot radius), columnar crystals directed along the radius are observed. We 
believe that the ingot grain size is related to the crystallization rate [2]. It has been found that 
quantitatively, the relationship between the temperature field gradient during crystallization and the 
ingot structure can be expressed in the following rules: 
• elongated grains of about 10 mm – cooling rate of about 1.8 . 10–4 kg/s; 
• elongated grains of about 20-30 mm – cooling rate of about 0.7 . 10–4–1.8 . 10–4 kg/s; 
• globular grains with a size of 10-20 mm – cooling rate of less than 0.7 . 10–4 kg/s. 
Let us apply the obtained rules for simulation of a crystallizing ingot structure. 
Frequency is 5 Hz 
 
 
 Frequency is 500 Hz 
 
Figure 3. Result of simulation of the ingot axial section structure  
(a part of the ingot is shown). 
 – small crystals;  – dendritic structure; 
 – large globular crystals. 
Figure 3 shows the calculated structure of the crystallized ingot for two current frequencies in the 
inductor (r=0 axis on the left; inductor on the right). From these results it follows that in the outer 
layer of the ingot, smaller elongated crystals (continuous small ellipses) form. Next to them and 
further to the center of the ingot, crystals in the form of dendrites (horizontal and inclined lines 
showing the direction of their growth) form. Then the formation of larger globular grains (large 
ellipses) located near the ingot axis begins. 
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The impact of the current frequency in the inductor is observed (Figure 3). At the frequency of 
5 Hz, dendritic structures penetrate the ingot throughout the cross section. At the current with 
frequency of 500 Hz, a wide zone of small crystals appears and is about half the cross section. Further 
to the center of the ingot, there form crystals in the form of dendrites (horizontal and inclined lines). 
Then the formation of larger globular grains (large ellipses) located near the ingot axis begins. 
6. Conclusion 
• A quantitative relationship between the temperature field gradient, crystallization rate and grain 
size has been established. 
• Molten metal crystallization in an electromagnetic field has been simulated. 
• It has been shown that an increase in the current frequency from 5 to 500 Hz leads to the expansion 
of the area with small crystals. 
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